The mechanism(s) of [35S]sulphate transport was investigated in basolateral liver plasma-membrane vesicles of the little skate elasmobranch, Raja erinacea. Imposition of an intravesicular alkaline pH gradient (pH 8.0 in/pH 6.0 out) stimulated sulphate uptake 5-10-fold compared with pH-equilibrated (pH 8.0 in = out) conditions and 2-3-fold over equilibrium sulphate uptake (overshoot). This pH-gradient-stimulated sulphate uptake was temperature-dependent, saturable with increasing concentrations of sulphate and could be inhibited by the protonophore carbonyl cyanide m-chlorophenylhydrazone and the anion-transport inhibitors 4,4'-di-isothiocyanostilbene-2,2'-disulphonic acid (DIDS) and probenecid. cis-Inhibition of pHgradient-driven sulphate uptake was observed with sulphate, oxalate, cholate and bromosulphophthalein, but not with chloride and taurocholate. In addition, sulphate and oxalate trans-stimulated [35S]sulphate uptake under pH-equilibrated conditions. Although also stimulated by an inside-alkaline pH gradient, transmembrane transport of [3H]cholate was not inhibited by DIDS, suggesting that its pH-gradient-driven uptake is not mediated by an anion-transport 'carrier'. In conclusion, these studies indicate that a basolateral plasma-membrane sulphate-transport system has evolved in skate hepatocytes and is similar to that in mammalian liver cells. This archaic anion-exchange system co-transports certain organic anions such as oxalate and has developed early in vertebrate evolution.
INTRODUCTION
All vertebrate livers transport a wide variety of inorganic and organic anions from blood into bile. For many of these cholephilic compounds membrane transport systems have now been identified and characterized in sinusoidal and canalicular plasma membranes ofmammalian hepatocytes Berk et al., 1987) . For example, in rat liver two basolateral (sinusoidal) organic anion-transport systems have been characterized in isolated plasma-membrane vesicles. The first system mediates Na+-gradient-driven (secondary active) hepatic uptake of taurocholate, the major bile salt in the rat (Inoue et al., 1982; Van Dyke et al., 1982; Duffy et al., 1983) . The second system represents a Na+-independent anion exchanger that has been described by us, using [35S]-sulphate as tracer compound (Hugentobler & Meier, 1986) . These studies indicated that the basolateral plasma-membrane domain of rat liver localizes a multispecific hydroxyl/sulphate exchange system that can also transport organic anions such as the dicarboxylic acids oxalate and succinate. Furthermore, kinetic inhibition studies provided indirect evidence that the amphipathic anions cholate and bromosulphophthalein (BSP) may be taken up into hepatocytes by the same transport system.
Although bile flow in marine elasmobranch vertebrates such as the little skate (Raja erinacea) is about 100 times slower than in rodents (Boyer et al., 1976a; Reed et al., 1982) , elasmobranch bile also is the major pathway for elimination of amphipathic organic anions such as BSP or bile acids (Boyer et al., 1976a,b; Grossbard et al., 1987) . Thus skate hepatocytes may, at least in part, possess the same plasma-membrane transport systems as mammalian liver cells. This assumption has been validated by the finding that basolateral plasma membranes of both rat and skate liver cells contain a similar bile-salt-binding polypeptide with an apparent Mr of 54000 (Kramer et al., 1982; von Dippe & Levy, 1983; Fricker et al., 1986) . The present study now demonstrates that skate basolateral plasma-membrane vesicles also exhibit mediated hydroxyl/sulphate anion exchange, with properties that are very similar to those previously found in rat liver (Hugentobler & Meier, 1986) . Thus the hepatic basolateral sulphate-anion-antiport system is similar to renal sulphate-transport processes (Renfro & Pritchard, 1982 and represents an archaic transport system that has evolved early during vertebrate evolution.
MATERIALS AND METHODS
All studies were performed at the Mount Desert Island Biological Laboratory, Salsbury Cove, ME, U.S.A., during July-August 1986. Animals Song et al. (1969) was used, with some modifications. All isolation steps were done at 0-4°C. Livers (30-40 g) were rapidly removed from anaesthetized animals and chilled on ice. Portions (15-20 g) were cut into small pieces, washed in 3 x 100 ml ofcold 1 mM-NaHCO3 (pH 7.4), and homogenized in the same volume of 1 mM-NaHCO3 in a Dounce homogenizer with a loose-fitting pestle (type A) (eight up-and-down strokes). The homogenate was further diluted to 900 ml with cold NaHCO3 and filtered twice through two layers of 60-grade cheesecloth. The filtered homogenate was then centrifuged at 1500 g for 10 min. The resulting supernatant was discarded, and the 'crude nuclear pellet' resuspended in 5.5 vol. of 2.07 M-sucrose. A 15 ml portion of this suspension was overlayered with 10 ml of 1.42 M-sucrose and 10 ml of 1.25 M-sucrose, and the gradients were centrifuged at 74 300 g for 60 min in a Beckman SW 27 rotor. This procedure resulted in two membrane bands, at the 2.07 M-/ 1.42 M-and 1.42 M-/ 1.25 M-sucrose interfaces. The former subfraction was collected with a syringe, mixed with 5 vol. of 1 mimNaHCO3, and the material was centrifuged at 27000 g for 10 min. The resulting pellets were combined and resuspended in a small volume of buffer suitable for the following experiments. Membranes were frozen with solid CO2 and stored at -80 'C until used. Protein and marker-enzyme analysis 'The protein concentration of isolated membranes was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard. 5'-Nucleotidase activity was determined as described by Avruch & Wallach (1971) . The Mg2+-ATPase and the ouabainsensitive Na+/K+-ATPase activities were determined by the coupled kinetic assay as modified by Scharschmidt et al. (1979) . NADH-and NADPH-cytochrome c reductases were determined as described by Sottocasa et al. (1967 Figure   legends . Frozen vesicle suspensions were quickly thawed in a 37°C water bath, diluted to the desired protein concentration (-10 mg/ml), re-vesiculated by 20 passages through a 25-gauge needle, and routinely treated with valinomycin (5 ,ug/mg of protein) dissolved in dimethyl sulphoxide to control for the effects of membrane-potential changes. Uptake studies were performed at 20°C by adding 90 ,1 of incubation medium to 10 ,u of vesicle suspension. To create in-to-out hydroxylion gradients, the incubation medium ('buffer 6.0') contained 184 mM-sucrose, 40 mM-tetramethylammonium, 60 mM-K+, 0.2 mM-Ca2+, 5 mM-Mg2+, 110.4 mM-glucon- cholate/ml, and the desired substrate concentrations were adjusted with neutral di(tetramethylammonium) sulphate or Tris/cholate respectively. After incubation of the vesicles for the indicated time intervals, uptakes were terminated by addition of 3 ml of ice-cold stop solution, containing 204 mM-sucrose, 150 mM-K+, 0.2 mM-Ca2+, 5 mM-Mg2+, 150.4 mM-gluconate, 5 mMsulphate, and 10 mM-Hepes/Tris, pH 7.5. Membranevesicle-associated ligand was separated from free ligand by immediate rapid filtration through a Millipore cellulose nitrate filter (0.45 gm pore size), which had been presoaked in cold deionized water. In cholate-uptake studies the filters were additionally rinsed with 1 mmcholate before uptake, to decrease non-specific filter binding. After two washes with 3 ml ofcold stop solution, the filters were dissolved in 5 ml of liquid-scintillation cocktail (Optifluor; Packard Instrument Co., Downers Grove, IL, U.S.A.), and the radioactivity was counted in a Packard Tri-Carb scintillation counter. Non-specific binding to filters and membranes was determined in each experiment by adding cold (0-4 C) incubation and stop solution to 10,l of membrane suspension. This membrane/filter blank was subtracted from all determinations. All experimental data were obtained from triplicate analyses of two or more separate membrane preparations.
RESULTS

Enzymic characterization of the isolated plasmamembrane subfraction
In the present investigation, plasma-membrane subfractions were isolated from skate liver by the method of Song et al. (1969) , which has been previously used to prepare 'bile-canalicular-enriched' plasma membranes from rat liver. This procedure resulted in both 'light' and 'heavy' membrane subfractions, banding at the 1.25 M-/ 1.42 M-and 1.42 M-/2.07 M-sucrose interfaces respectively. The 'heavy' subfraction was used for most transport studies, for the following reasons: (a) 'heavy' membranes were 3-4-fold less enriched in Mg2+-ATPase and 5'-nucleotidase activities, indicating a lower content of bile-canalicular membranes, and (b) isolation of the 'heavy' subfraction was more reproducible and gave higher yields compared with 'light' membranes. As demonstrated in Table 1 , the 'heavy' subfraction was 12-fold enriched over the homogenate in Na+/K+-ATPase activity, a marker for the basolateral (sinusoidal) plasma-membrane domain in rat liver (Blitzer & Boyer, 1978; Latham & Kashgarian, 1979; Meier et al., 1984) . In contrast, the relative enrichments of the canalicular markers Mg2+-ATPase and 5'-nucleotidase activities were only 4.2-and 3.4-fold respectively (Table 1 ). In addition, mitochondrial (NADH-cytochrome c reductase) and microsomal (endoplasmic reticulum; NADPHcytochrome c reductase) membrane fragments were less than 2-fold enriched. Although not highly purified, the isolated plasma-membrane 'heavy' subfraction can be regarded to be relatively enriched in the basolateral (sinusoidal) domain of skate hepatocytes, and can be isolated rapidly within 3 h.
Sulphate-transport studies In order to investigate whether skate liver basolateral plasma membranes contain a hydroxyl/sulphate anionexchange system, we performed similar vesicle transport studies to those previously reported in rat liver (Hugentobler & Meier, 1986) . Fig. 1 demonstrates that an intravesicular alkaline pH gradient (pH 8.0 in/pH 6.0 out) stimulated [35S]sulphate uptake 5-10-fold compared with pH-equilibrated (pH 8.0 in = out) conditions, and 2-3-fold compared with equilibrium uptake values at I h (overshoot). Valinomycin had no effects on pHgradient-dependent sulphate uptake, indicating that stimulation of sulphate uptake was not due to artificially induced ion-diffusion potentials. Furthermore, pHgradient-driven [35S]sulphate uptake rates were (a) temperature-sensitive (Fig. 1) , (b) saturable with increasing concentrations of sulphate (apparent Km 4.5 mM;
Vmax. 22 nmol/min per mg) (Fig. 2) , and (c) inhibited by the protonophore CCCP and the anion-transport inhibitors DIDS and probenecid (Table 2 ). Since the vesicles were voltage clamped with valinomycin, the inhibitory effects of CCCP most likely resulted from rapid dissipation of the pH gradient rather than a direct interaction of the protonophore with the sulphatetransport system. These findings strongly indicate that the skate liver contains a basolateral hydroxyl/sulphate exchange system and that its properties are similar to those observed in rat liver. The above conclusion was further supported by cisinhibition and trans-stimulation experiments. As demonstrated in Fig. 3 oxalate within the vesicles trans-stimulated [35S]sulphate uptake into pH-and voltage-clamped vesicles (Fig. 4) . These results are again similar to our previous findings in rat liver (Hugentobler & Meier, 1986) and indicate that the identified anion-antiport system also transports dicarboxylic acids in addition to sulphate. Unfortunately, it was not possible to perform similar trans-stimulation experiments with millimolar concentrations of cholate and BSP, because of the welj-known detergent effects and the high membrane binding of these amphipathic organic anions. Although the inhibition exerted by cholate and BSP on pH-gradient-driven [35S]sulphate uptake (Fig. 3) (Accantino & Simon, 1976; Hugentobler & Meier, 1986) . Although extravesicular sulphate (20 mM) significantly inhibited pH-gradient-driven cholate uptake, the extent of inhibition was smaller than theoretically expected for competition of sulphate and cholate for the same carrier. Furthermore, in contrast with hydroxyl/sulphate exchange (Table 2) , pH-gradient-driven cholate uptake was not inhibited by DIDS (Fig. 5) . This latter finding suggest that pH-gradient-driven cholate uptake is not mediated by anion exchange. Rather, cholate most probably inhibits pH-gradient-stimulated sulphate uptake (Fig. 3) by some other mechanism(s), possibly by dissipation of the transmembrane pH gradient, which would then decrease the driving force for sulphate uptake. 
DISCUSSION
The present study demonstrates an anion-exchanger (antiport) at the basolateral plasma membrane of skate liver that can facilitate transport of inorganic sulphate across the blood-faced membrane domain of skate hepatocytes. The properties of this antiport are very similar to those of the basolateral sulphate-anionexchange system previously characterized in rat liver vesicles (Hugentobler & Meier, 1986) . Thus, in both skate and rat liver plasma-membrane vesicles, sulphate uptake can be stimulated by an inside-alkaline pH gradient. This pH-gradient-driven sulphate uptake is inhibited by DIDS and probenecid, suggesting the presence of hydroxyl/sulphate exchange rather than proton/sulphate co-transport, although these two possibilities cannot be clearly differentiated from each other under the experimental conditions used. Furthermore, oxalate is a co-substrate for the basolateral sulphate transporter in both rat and skate liver, but chloride and taurocholate are not, since they do not cis-inhibit or trans-stimulate sulphate uptake (Figs. 3 and 4) . The similar properties of the antiport in the two species suggest that hepatic uptake of sulphate is mediated by identical transport systems in mammalian and marine vertebrates. Thus hepatic basolateral sulphate-anion exchange must have evolved before the evolution of animal life from sea to land.
Marine species continuously ingest seawater that is highly enriched in sulphate (sulphate concn. -25 mM). Despite this continuous sulphate load, the plasma concentration of sulphate in marine animals such as teleosts is usually low (-1 mM) (Renfro & Pritchard, 1982) , and is thought to be primarily maintained by efficient renal excretion of sulphate (Berglund & Forster, 1958) . Indeed, high-capacity sulphate-transport systems have been characterized in basolateral and brush-border membrane vesicles from renal tubules of the southern flounder, Paralichthys lethostigma (Renfro & Pritchard, 1982 . In these studies, basolateral transport of sulphate could also be stimulated by a trans-membrane pH gradient and inhibited by DIDS (Renfro & Pritchard, 1983) . Furthermore, the basolateral teleost kidney transport system exhibited an apparent Km for sulphate of approx. 2.5 mm, which is close to the affinity of the elasmobranch liver basolateral transport system (Km 4.5 mm; Fig. 2 ). Although sulphate concentrations of elasmobranch bile are not known, the present findings suggest that transcellular excretion of sulphate from blood into bile might contribute to the regulation of plasma sulphate concentration in the fish. However, the slow flow rates of bile in elasmobranchs argue against Vol. 247 this possibility. Rather, this antiport may function to concentrate sulphate in the liver for the purpose of conjugating ligands to water-soluble less-toxic sulphate metabolites. For example, elasmobranch bile contains largely sulphated bile alcohols rather than bile acids, as commonly found in mammalian bile (Karlaganis et al., 1982) . Sulphate availability may therefore be important in biliary excretion in this species.
Alternatively, the characterized anion-exchange system may represent a multispecific transport system that primarily transports organic anions other than sulphate. The finding that sulphate-anion-exchange systems can transport a wide variety of endogenous and exogenous organic anions has been previously documented in basolateral membrane vesicles of rat kidney cortex (Low et al., 1984; Ullrich et al., 1985a,b) , rat intestine (Weinberg et al., 1986) and rat liver (Hugentobler & Meier, 1986 ). In the last study, pH-gradient-driven sulphate uptake was competitively inhibited by cholate and BSP, suggesting co-transport of all three anions by the same transport system. Although the kinetics of inhibition exerted by cholate and BSP on sulphate uptake (Fig. 3) was not analysed in the present study, the fact that pH-gradient-driven cholate uptake was not inhibited by DIDS (Fig. 5) suggests that cholate is not a co-substrate for the hydroxyl/sulphate anion-exchange system in skate hepatocytes. Since cholic acid represents a weak organic acid, with an apparent pKa of approx. 5, the data rather suggest that the pH gradient stimulates non-ionic diffusion of cholate into the vesicles. This interpretation is further corroborated by our preliminary findings that an inside-alkaline pH gradient also induces a transient intravesicular accumulation of cholate in artificial liposomes (Caflisch et al., 1987) . Thus cisinhibition of pH-gradient-driven sulphate uptake by cholate (Fig. 3) , as well as inhibition of pH-gradientdriven cholate uptake by sulphate (Fig. 5) , might have resulted from competition of both anions for the driving force (pH gradient) rather than for a common carrier. However, we cannot definitely exclude that, at a more physiological pH, anionic cholate may be taken up into hepatocytes via an anion-exchange mechanism. In fact, there is strong evidence that bile-salt and sulphate cotransport is mediated by a common anion-exchange mechanism in rat intestinal basolateral membrane vesicles (Weinberg et al., 1986) . Thus further studies will be required to investigate definitively whether anion exchange can account for Na+-independent transport of bile salts into skate hepatocytes (Smith et al., 1987) .
Finally, it has to be emphasized that the demonstration of pH-gradient-dependent sulphate (anion) uptake in membrane vesicles does not necessarily imply that the transmembrane pH difference is also the driving force for sulphate (anion) uptake in the intact cell. In fact, unless concomitant Na+/proton exchange maintains a high local in-to-out hydroxyl ion gradient, the intracellular pH, which is generally more acidic, would counteract sulphate (anion) uptake through exchange with intracellular hydroxyl anions. However, for broad substrate specificity, the direction of net ion fluxes via anion exchange would finally depend on the transmembrane distribution of any co-transported substrate. For example, basolateral efflux of intracellularly generated end products of intermediary metabolism could be coupled to hepatocellular uptake of metabolic substrates or bile components. Further studies will be required to delineate more exactly the substrate specificity and physiological driving forces for sulphate and organic anion uptake into both skate and mammalian hepatocytes.
